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PACS 75 . 70 . Cn - Magnetic properties of interfaces (multilayers, superlattices, heterostructures) 
PACS 75 . 70 . Ak - Magnetic properties of monolayers and thin films 
PACS 75 . 25 . +z - Spin arrangements in magnetically ordered materials 

Abstract. - We present a laterally resolved x-ray magnetic dichroism study of the magnetic 
proximity effect in a highly ordered oxide system, i.e. NiO films on Fes 04(110). We found that 
the magnetic interface shows an ultrasharp electronic, magnetic and structural transition from 
the ferrimagnet to the antiferromagnet. The monolayer which forms the interface reconstructs 
to NiFe2 04 and exhibits an enhanced Fe and Ni orbital moment, possibly caused by bonding 
anisotropy or electronic interaction between Fe and Ni cations. The absence of spin-flop coupling 
for this crystallographic orientation can be explained by a structurally uncompensated interface 
and additional magnetoelastic effects. 



Introduction. — Many of today's spintronics devices 
make extensive use of magnetic coupling phenomena, in 
particular, through non-magnetic interlayers or between 
antiferromagnetic (AF) and ferr(o/i) magnetic (henceforth 
. labeled F(I)M) constituents. The latter coupling is well- 
" known to give rise to the so-called exchange anisotropy or 
"exchange bias" [1]. In spite of huge scientific efforts in 
this field, the relation between the exchange biasing phe- 
. nomenon and the microscopic spin configurations in both 
' constituents and across the interface is still a matter of 
debate. In addition, a detailed experimental insight into 
these magnetic proximity effects is often compromised by 
the imperfection of the interface and the unknown role 
of defects. A key factor in discriminating different mag- 
netic coupling mechanisms and elucidating their physical 
origin is the crystalline and chemical perfection of the sam- 
ple. In order to unequivocally address the details of the 
spin-dependent coupling mechanisms, highly ordered sys- 
tems with well-defined interface roughness and good crys- 
tallinity are mandatory. This gives also a chance to make 
better contact to the various theoretical models. 

Mean field calculations have shown that in case of an 



ideal crystalline system with only nearest-neighbor inter- 
actions, the interaction zone can be extremely narrow, in 
the order of a few monolayers on either side of the in- 
terface [2]. Even an atomically sharp transition is possi- 
ble, as has been found experimentally for highly-ordered 
MnPt/Fe systems [3]. The magnetic structure of this 
planar domain wall plays a key role for exchange bias, 
since it determines whether or not Zeeman energy can be 
stored reversibly, if an external field is applied (so-called 
exchange spring) [4] . An important source of the magnetic 
proximity effect is the variation of the size and relative ori- 
entation of the spin-and orbital moments in the vicinity of 
the interface, caused by electronic interaction of the two 
layers in contact [5,6]. Even violations of Hund's third 
rule were predicted, i.e. the mutual orientation of spin- 
and orbital moment is not dominated by the filling of the 
bands carrying the magnetic moment, but rather by ligand 
field and hybridization effects [5,6]. Another remarkable 
feature in this context is the prediction of a reversal of 
the uncompensated magnetization in the antiferromagnet 
from one interfacial layer to the next, which is induced 
by the interplay of the unidirectional interface anisotropy 
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and the antiparahel couphng of neighboring atoms within 
the antiferromagnet [2,7]. 

In this contribution, we report the observation of a pro- 
nounced proximity effect in thin NiO films grown on fer- 
rimagnetic Fes 04(1 10) single crystals. We find strong ev- 
idence for an atomically sharp electronic, magnetic and 
structural transition with a collinear coupling between the 
AF and FIM. The details of the coupling show no evidence 
of a sign reversal in the uncompensated magnetization for 
successive inter facial monolayers in the antiferromagnet. 
Already the second monolayer appears to be fully spin- 
compensated, with vanishing spin and orbital moment. 

Experimental details. — Our choice of 
NiO/Fe3O4(110) represents an almost ideal model 
system, since the small lattice mismatch (0.5%) results in 
pseudomorphic growth and sharp interfaces [8,9]. Con- 
trary to metal/oxide interfaces, which are often diffuse 
due to chemical interface reactions [10, 11], the density of 
defect spins in a purely oxidic system is generally thought 
to be very low. In a highly-ordered crystalline system we 
can thus expect to find well-defined magnetic interfaces. 
We use soft x-ray photoelectron emission microscopy 
(PEEM) to arrive at an element-sensitive and spatially- 
resolved vectorial magnetometry of the individual FIM 
and AF constituents by exploiting circular (XMCD) and 
linear magnetic dichroism (XMLD), respectively. 

The measurements were carried out at the BESSY UE- 
56/1 SGM beamline using an Elmitec PEEM III (reso- 
lution < 100 nm), equipped with an in-situ preparation 
facility. The incidence angle to the surface was fixed to 
16 ° , with a degree of circular (linear) x-ray polariza- 
tion of typically > 90%. The photon energy resolution 
was set to < 0.2 eV. Our substrates were synthetic mag- 
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Fig. 1: (color online) (A) Fe304-XMCD microspectra. Vertical 
line: Energy position for the ratio image. (B) Fe3 04: Ratio 
image a~^/a~. The numbers 1-5 represent areas of interest 
(AOI) for the microspectra. Latin numbers were assigned to 
classify domains by their easy axes: [111] (/) and [111] 
{II). (C) NiO: XMCD microspectra for a 0.5 and 35 ML NiO 
film. Vertical line: Energy position for ratio image. (D) NiO: 
XMCD ratio image and magnetization map derived from the 
spectra (white arrows: Fe304 and NiO net magnetization). 

netite single crystals, sputter-cleaned with 1 keV Ar ions 



and subsequently annealed in 10~^ mbar O2 at HOOK 
for several hours. After verifying the Fe304 phase by x- 
ray absorption spectroscopy (XAS) and XMCD, NiO was 
deposited by molecular beam epitaxy under normal in- 
cidence in 10~^ mbar O2 background pressure at 300 K 
(Pbase < 2 • 10~^mbar). The low deposition temperature 
was chosen on purpose to avoid thermal intermixing at the 
interface. Wang et al. have shown that in such films the 
electronic transition from Fe304 to NiO at the interface is 
nearly atomically sharp [9]. 

Closure domain structure of Fe3O4(110). — 

Fig.[T]shows a typical domain pattern of the (llO)-oriented 
Fe304 substrate measured by XMCD at the Fe La-edge. 
Since two of the easy axes of magnetite are coplanar with 
the (llO)-interface, the resulting surface closure-domains 
will consist of two sets of 180 "-domains, each belonging to 
an easy axis [12]. As can be seen in fig. [Tp, the stronger 
contrast levels (black, white) belong to the [111] -direction 
and are labeled Set 1. The intermediate gray levels be- 
long to magnetization directions almost perpendicular to 
the (horizontal) light incidence direction, and can thus 
be attributed to the [lll]-direction {Set II). A quantita- 
tive comparison of the XMCD contrast in both sets from 
the spectra in (A) yields an angle of 109 ± 1 ° between 
both easy axes, which is close to the theoretically expected 
value of twice the "magic" angle 54.73°. As verified from 
the XMCD contrast and Laue diffraction measurements, 
the straight domain boundaries run along (lll)-type di- 
rections as well. Thus, we conclude that the magnetiza- 
tion inside the domains indeed points along the in-plane 
easy axes. We also performed XMCD-measurements at 
the Ni La-edge, which yield information about the uncom- 
pensated magnetization in the AF. The contrast levels in 
fig. [Tp are identical to fig. [Tp, i. e. the Ni moment is 
parallel to the Fe moment. We will discuss this in more 
detail in section . 

Spin axis orientation of the antiferromagnet. — 

To see how the antiferromagnetic part of the film cou- 
ples to the Fe304 surface, we determined the orientation 
of the spin axis in NiO exploiting the linear dichroism at 
the L2 edge. The absence of a shift of the NiO L3 peak 
position between p- and s- polarization clearly proves the 
crystal field dichroism to be negligible [13]. Temperature 
dependent XMLD measurements performed after our ex- 
periment verified a lowered blocking temperature around 
480 K due to finite size effects [14]. Thus, we conclude 
that the observed contrast is of purely magnetic origin. 

The experimental approach that we have chosen is 
similar to the one in refs. [14-16], where the ratio of 
the multiplet-split NiO L2 peaks was evaluated. How- 
ever, since with our epitaxial NiO films we have a single- 
crystalline material with symmetry, the simple XMLD 
relation used in these previous analyses breaks down. It is 
valid only for orientation- averaged measurements, where 
any effects of the site symmetry will drop out. It has been 
shown recently, that in oriented single-crystalline materi- 
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Fig. 2: (color online) 35 ML NiO on Fe3O4-(110). The contour 
plots show the calculated L2 asymmetry for every possible di- 
rection of the spin (angles ^,0). Center: compilation-image 
of PEEM p-contrast (upper half) and s-contrast (lower half). 
The two domain sets (gray levels) are named I and II. In the 
contour plots, the corresponding crystallographic directions are 
labelled. Collinear coupling: [111] for set I and [111] for set II. 
Conversely for spin-flop coupling, the assignment is [1^2] for set 
I and [112] for set II. Only the collinear case matches the ex- 
perimentally determined contrast, with set II being brighter in 
s- and slightly darker in p-geometry. Spin-flop coupling would 
produce the reverse contrast and can thus be excluded. 

als, the XMLD is anisotropic^ i.e. depends on the spin 
orientation with respect to the crystal lattice [17,18]. We 
employ a model that is able to predict the XMLD angu- 
lar variation for arbitrary spin orientations, allowing for a 
quantitative vectometry based on two fundamental spec- 
tra derived from atomic multiplet calculations. 

The tiled center image (fig. [2]) represents the local L2 
ratio in p- and s-contrast, which is related to both the 
orientation of the linear polarization E of the photon field 
and the orientation of the spin S with respect to the cu- 
bic crystal axes [18]. Our calculations (see contour plots 
in fig. [2]) show best agreement with the experiment for a 
collinear coupling, i.e. the spin-axis of the AF is in-plane 
and oriented along [111] or [111]. At a first glance this 
seems to disagree with theory [19], since the NiO (110) in- 
terface should be fully compensated, if the bulk AF struc- 
ture prevails at the interface. Our analyis will show that 
the Fes O4 /NiO interface is not compensated in the sense 
of Koon's theory, so the precondition for spin- flop coupling 
is actually not fulfilled. 

Magnetic structure of the interface region. — We 

used XMCD at the Ni L-edges to selectively study the 




Fig. 3: (color online) NiO wedge on Fes 04- Left column: 
PEEM images with line profile position indicated. (A) Fe 
XMCD (profile not shown), (B) Ni XMCD ratio image, (C) 
NiO L2 ratio image for s-polarized light. Right column: 
Thickness-dependent line profile data : D) Depth-profile of 
Maf{z) (derivative of total XMCD signal). E) Total Ni- 
XMCD signal vs. thickness. F) Total Ni-XMLD vs. thickness. 

magnetization in the adlayer (fig.[T]G and[Tp). In order to 
prove that the NiO magnetization induced by the contact 
to the FIM is confined to the interface region, we compare 
two cases: a fractional 0.5 ML NiO coverage and a thick 
(35 ML) film. The resulting spectra are shown in fig. [T]G. 
For 0.5 ML we get a maximum dichroic contrast of 54 % in 
the white line. Both the magnitude and the spectral shape 
of the dichroism closely match the results of v. d. Laan 
(53%) for NiFe2 04 [20]. This means that the Ni moments 
are parallel to Fe304 and located at sites with octahedral 
oxygen coordination. From the spectra alone, NiFe204 
and NiO cannot be distinguished, since Ni has the same 
oxygen coordination in both cases. As pointed out by 
Wang et al., the NiO/Fe304 interface may in fact recon- 
struct to NiFe2 04, which is isostructural to Fe304 [9]. In 
the absence of thermal intermixing, this phase should be 
confined to one interfacial layer only. In contrast to the 
strong dichroism at 0.5 ML coverage we found a strongly 
reduced contrast of only 2.7% in the 35ML-film. Com- 
parison of the intensity-normalized XMCD in both cases 
yields a rough estimate of 2.6A(1.7ML) contributing to 
the XMCD signal. This low value thus indicates a good 
interface quality and has already been predicted for bilay- 
ers with ideal crystalline structure [2]. 

In order to determine the magnetic microstructure of 
the narrow proximity zone near the interface, a NiO 
stepped wedge was grown onto Fes 04(1 10), with a step 
height of 2.5 ML (3.5 A) and ~20pm wide step slopes. 
Since the interesting effects appear within the first few 
monolayers, we concentrate on the first step slope. In 
order to monitor the thickness dependent changes in mag- 
netic structure, we rely on the analysis of both image line 
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profiles and microspectra. The line profiles were taken 
from PEEM parameter images, usually division images 
of two helicities (XMCD) or energies (XMLD), and pro- 
vide a quick and convenient way to unravel the thickness- 
dependent changes in magnetic structure (see fig. [3]A.-C). 
The XMCD microspectra (fig. [4j), in contrast, allow for a 
more detailed analysis with separation of spin- and orbital 
contributions. In order to reduce intensity fluctuations, 
each XMCD spectrum was computed from a pair of ar- 
eas of interest (AOI) (rectangles in fig. [4]) belonging to a 
pair of 180°-domains. The corresponding thickness cali- 
bration was done using the isotropic L3 intensity, which 
at low thicknesses is proportional to the coverage. The 
latter was determined by quartz-balance evaporation rate 
measurements prior to and after deposition. In both the 
Ni-XMCD line profile (fig. Ef] ) and the total magnetic 
moment (blue squares in fig. H]), the same behaviour can 
be observed: The total moment increases up to a maxi- 
mum, which is reached at a coverage near 1 ML. As soon 
as the second NiO monolayer starts to nucleate, the total 
moment decreases again and stays approximately constant 
above a thickness of ~ 1.5 ML. In contrast to the XMCD, 
the XMLD signal increases (decreasing gray level) with a 
slight bend around 0.3 ML and approximately linear be- 
haviour until it levels off at the step terrace. 

The separation of morb and mgpin by a sum rule analysis 
shows that the extremum observed at one monolayer cov- 
erages caused by the orbital moment, while the total spin 
moment increases until the first monolayer is completed. 
It then stays constant if further material is deposited on 
top (see fig. [4]). This means that the NiO layer assumes 
its compensated antiferromagnetic structure already in the 
second monolayer, i.e. the uncompensated moments reside 
directly at the interface. Consequently, there is no planar 
domain wall forming in the ground state of the system, 
and the magnetic transition from ferri- to antiferromag- 
net is atomically sharp - in accordance with the findings 
from the electronic and structural transitions. This re- 
sult is reasonable, since the magnetic interaction length is 
in the order of the lattice constant in poorly conducting 
correlated materials such as transition metal oxides. 

In fig. [SI the slope region around one monolayer thick- 
ness is shown in more detail, now also including the Fe304- 
XMCD contrast profile. In all contrast patterns there is 
a clear extremum strictly confined to the thickness range 
around one monolayer. The peak in the Ni-XMCD as well 
as the coinciding dip in the Ni-XMLD indicate that an 
extremal value of the total magnetic moment magnitude 
\{/J')\ and consequently also must occur. The Fe304 

XMCD contrast is enhanced by 3%, which corresponds 
- depending of the probing depth ( Ag ^ 10 A [21] or 
X^bOA [22]) - to an enhancement of the total moment 
at the interface in the range of 120-200%. This increase 
could be caused by the Fe orbital moment - similar to 
Ni. On the other hand, it could also be a consequence 
of an electronic interaction between the Ni and Fe sites, 
for example, if the interfacial monolayer reconstructs to 
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Fig. 4: (color online): Local NiO XMCD microspectra and sum 
rule analysis. The upper panel shows the thickness-dependent 
spin- (open triangles) and orbital moments (circles), the ra- 
tio morb./'/Tispin (opcu circlcs) and the sum morb. + mspin- 
(squares). The spin moment increases up to one monolayer 
and then stays constant for higher thicknesses, while the or- 
bital moment shows a pronounced maximum near 1 ML and 
then decreases again. The origin of the minimum at 2.3 ML is 
still unclear. It could be caused by the completion of a sec- 
ond monolayer, but it could also be an artifact, since only a 
single data point is affected. Data points at higher thicknesses 
show a slightly increasing trend, but within the error margin 
their values are essentially the same as above 1 ML. Assuming 
an artifact, then morb. is constant for thicknesses greater than 
1.5 ML. The sum of orbital and spin moment closely resembles 
the curve already gained from the XMCD line profile, so the 
pronounced maximum near 1 ML is definitely caused by the 
orbital moment. 
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Fig. 5: (color online) Enlargement of the slope area. Clearly, 
in all signals, an enhancement around one monolayer coverage 
can be observed, although in the Fe-XMCD and the Ni-XMLD 
the effect is only a few percent. 
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NiFe204. 

Note that Lueders et al have found a considerable en- 
hancement of the total magnetic moment up to 250% in 
ultrathin NiFe2 04 films [23]. If this effect is an intrinsic 
property of low-dimensional NFO, it could support the hy- 
pothesis of a NiFe204 interface layer. Provided that only 
one monolayer shows and enhanced Fe-XMCD signal, a 
3 % contrast enhancement with a probing depth of 50 A 
would correspond to an enhancement as large as 200%, 
which comes close to the results in Ref. [23]. 

Discussion of the results. — Since a bulk-truncated 
NiO(llO) surface is atomically compensated, the oc- 
curence of collinear exchange coupling in our system is 
astonishing and at first glance contradicts the findings 
of Koon [19]. In the following, we will discuss possible 
reasons for the discrepancy. First, we have to consider 
the interface between the two materials Fe304 and NiO 
in more detail. If we compare the two structures, it be- 
comes apparent that although magnetite has almost twice 
the crystallographic lattice constant of NiO, the magnetic 
unit cells of both materials match at the interface. This 
means that the two sublattices of NiO can experience dif- 
ferent magnetic environments at the interface, leading to 
nondegenerate interface exchange constants Ji 7^ J2. If 
the imbalance between these two coupling configurations 
is large enough, a spin-flop state is no longer stabilized and 
collinear coupling can occur. This is especially true, if we 
omit the somewhat idealized picture of bulk-truncated sur- 
faces. Assuming for the moment that the interface layer 
reconstructs to NiFe204, Ni-cations will be located at oc- 
tahedral positions only and the imbalance between Ji and 
J2 is enhanced. 

These considerations are able to describe our findings 
for the (Oll)-interface. However, they have important im- 
plications for the coupling between the two materials in 
general, because this imbalance situation holds also for 
other surface orientations. Therefore, one would in fact 
expect collinear coupling for arbitrary interface orienta- 
tions. In another study, however, we found spin- flop cou- 
pling for Fe3O4(001)/NiO [24]. In general, the (001) in- 
terface is atomically compensated and spin-flop coupling 
should therefore occur quite naturally, but the lifting of 
the NiO sublattice degeneracy by the inverse spinel struc- 
ture of the magnetite discussed above should suppress this 
type of coupling. Thus, there must still be another mech- 
anism at work, which introduces a dependence on the in- 
terface orientation. As will be discussed in the following, 
we believe that magnetoelastic effects - which have been 
neglected so far in most studies - play an important role 
in the magnetic coupling process. 

Magnetoelastic effects, e.g. introduced by a lattice 
misfit are well-known to influence the magnetic behav- 
ior in ferromagnetic thin films. Similar effects must also 
be expected for antiferromagnets. Krishnakumar et al. 
[25] observed a thickness-dependent change in the mag- 
netic anisotropy in Ag(001)/NiO, which they explained 



by strain relaxation, thereby involving magnetoelastic ef- 
fects. Their hypothesis is supported by the finding that 
the presence of a MgO capping layer, which introduces 
additional strain, considerably weakened the thickness- 
dependent change in anisotropy. It should be noted in this 
context that Finazzi et al. have observed a similar tran- 
sition from collinear to spin-flop coupling in Fe(001)/NiO 
at a critical AF thickness, but explained the effect by de- 
fects [26]. However, also in their case magnetoelastic ef- 
fects might be of importance, since the lattice mismatch 
between the R45 NiO epitaxial growth and Fe is consider- 
able (NiO is compressed in-plane by ^ — 3 %). In our case 
of the (llO)-surface, the lattice mismatch of NiO is consid- 
erably lower (in-plane tensile 0.5 %). Nevertheless we pro- 
pose that magnetoelastic effects determine the coupling, 
and we will support this idea by qualitative arguments. 




Fig. 6: (color online) Two types of strain-induced AF stacking 
in Fes 04(1 10) /NiO. A) the tensile in-plane epitaxial strain of 
NiO causes out-of-plane compression and stacking (for exam- 
ple along [111] as indicated in the figure). The intersection of 
the easy planes with the (llO)-interface is the [110]-direction. 
B) A hypothetical in-plane compression along one of the mag- 
netite easy axes causes the spins of NiO to be perpendicular 
to magnetite, along the intersection of the easy planes and the 
interface. This case is never realized since the in-plane epi- 
taxial strain is tensile, and moreover the magnetostriction in 
magnetite is positive along (111). 

A single-domain NiO crystal shows a contraction by - 
0.15% along its (lll)-type stacking direction. Conversely, 
in a strained NiO layer those (111) directions, which are 
compressed most by the epitaxial strain, become favor- 
able. For a Fes 04(1 10) /NiO interface this means that out- 
of plane stacking should be favored over in-plane stack- 
ing (as in fig. [6]A ) . If in-plane stacking were to occur 
(fig. [IB ), the stacking vectors would be parallel to the 
in-plane easy directions ([±1 ^ ll])in magnetite, render- 
ing the easy planes perpendicular to the interface. The 
intersecting in-plane easy directions of NiO would then 
be the [^1 ± 12]-directions, which in case of a stacking 
parallel to the Fe304 magnetization lead to spin- flop cou- 
pling (fig. [6^ ). All other configurations result in collinear 
coupling. Especially, since the actual stacking preferred 
by the epitaxial strain is out-of-plane, the easy directions 
of NiO are along [110], and thus closer to the magnetite 
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easy axes (see fig. [6K ). In this situation, collinear cou- 
pling is favoured, but the interfacial anisotropy will con- 
tain a uniaxial contribution along [110]. In our as-grown 
samples, this contribution is not measurable, but becomes 
apparent, if we anneal the samples [27]. Finalizing our dis- 
cussion, one could say that spin- flop coupling is "exotic" 
in our system, since it requires the right strain situation 
and/or a compensated interface. Both aspects are not re- 
alized and collinear coupling results naturally. 

As a consequence of the above discussion, the coupling 
at the Fe3O4(110)/NiO interface should be seen as a deli- 
cate balance between at least two mechanisms: (i) a com- 
petition between exchange coupling contributions from the 
FIM and AFM sublattices and (ii) magnetoelastic inter- 
actions. As both mechanisms can independently lead to 
either collinear or spin-flop coupling, depending on the 
relative strength of the interactions, an a priori predic- 
tion of the coupling type for a given system is not trivial. 
This situation should also be encountered in many other 
exchange-bias systems, in particular, if a sizable lattice 
mismatch exists. 

Summary and Conclusions. — In summary, we 
found an enhanced Fe and Ni magnetization directly at 
the NiO/Fe3O4(110) interface, which has its maximum at 
a coverage equivalent to 1 ML, implying a reconstruction 
of the interfacial monolayer towards the NiFe2 04 struc- 
ture. As a direct consequence, the interface is not atom- 
ically compensated and collinear coupling can occur, in 
agreement with Koon's theory [19]. Another explanation 
for the collinear coupling lies in the epitaxially strained 
NiO layer, in which out-of-plane AF stacking vectors are 
preferred due to magnetoelastic effects. Sum rule analy- 
sis indicates that the extremum in the interfacial Fe and 
Ni total moments at one monolayer coverage might be 
caused by an enhanced orbital moment due to bonding 
anisotropy or an interaction of Ni and Fe cations in a NFO 
reconstructed interface layer. We found no evidence for a 
sign-reversal of the uncompensated magnetiztion in the 
antiferromagnet as postulated theoretically [2,7]. On the 
contrary, it appears that the electroncic, magnetic and 
structural transition at the interface is atomically sharp 
and that already the second monolayer in the AF is fully 
compensated. 
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